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Flow boiling in mini to micro passages located at the heat source, and as part of a thermal management system, 
has been identified as a possible way to remove the increasing high heat fluxes generated by high power 
electronic devices due to their capability of high heat transfer rates with small surface temperature variations. 
However, some still unresolved fundamental issues hinder the possible full adoption of this technology. These 
relate to the prevailing flow patterns, heat transfer rates and pressure drop in such geometries, and their 
dependence on key parameters. The possible major applications of flow boiling in microchannels are first 
mentioned in this paper, highlighting the requirements and the challenges of the thermal management of each 
application. The paper then presents new experimental research by the present authors as well as research 
reported in the literature on flow boiling in single tubes and rectangular multi microchannels to help elucidate 
the following fundamental issues: the definition of a microchannel, prevailing flow patterns, heat transfer 
mechanisms, flow instability and reversal and their effect on heat transfer rates, effect of channel material and 
surface characteristics (including latest research in coatings), effect of different fluid properties, and its relation 
to channel material, effect of channel length and aspect ratio. An appreciation of the above can help explain 
the interpretation of the prevailing fluid flow and heat transfer phenomena and the data scatter and 
discrepancies observed in past studies. In addition, models and correlations predicting flow patterns and heat 
transfer rates are presented.  
 





The continuous advances in miniaturization of electronics and high power devices, with significant 
improvements in their performance, resulted in the generation of huge heat fluxes and thus increased the 
challenge in the thermal management of these devices. Karayiannis and Mahmoud [1] reported that by 2026, 
the average heat flux in computer chips is expected to reach 2 – 4.5 MW/m2 with local hot spots 12 – 45 
MW/m2, while in insulated gate bipolar transistors (IGBT) modules the heat flux at the chip level can reach 
6.5 – 50 MW/m2. Accordingly, there is a need for the development of innovative and efficient cooling schemes 
capable of dissipating high heat fluxes to meet the cooling requirements in the next generations of electronics. 
Flow boiling in microchannels is one of the most promising cooling schemes that have the potential of 
dissipating high heat fluxes. For example, Recinella and Kandlikar [2] investigated flow boiling of water in a 
copper heat sink with radial microchannels (0.2 × 0.2 mm) and reported that this heat sink dissipated a heat 
flux value of 3.69 MW/m2. Drummond et al. [3] investigated flow boiling of HFE-7100 in a hierarchical 
manifold microchannel array heat sink with channel size (width × depth) 15 × 300 µm. This design dissipated 
a heat flux value of 9.1 MW/m2. Despite these high heat fluxes, electronics cooling using flow boiling in 
microchannels is only limited to lab-scale and is not commercially available due to the lack of accurate design 
equations and the lack of understanding several fundamental issues. These issues include the following: (1) 
the precise definition of a microchannel and hence design equations to be used, (2) boiling incipience and 
bubble dynamics, (3) the dominant heat transfer mechanism(s), (4) flow instability, (5) effect of surface 
microstructure, (6) early dryout and low critical heat flux, (7) prediction of flow patterns, heat transfer rates 
and pressure drop. The current research group conducted extensive research on flow boiling in single and 
multi-microchannels configurations and studied the effect of several parameters, which can help understand 
most of the aforementioned fundamental issues. This keynote paper starts with applications of microchannel 
heat exchangers, reviews fundamental aspects of flow boiling at micro scale and presents new research carried 
out and published by the current research group.  
        
 
2. APPLICATIONS OF MICROCHANNEL HEAT EXCHANGERS 
 
2.1 Applications The challenge in cooling computer chips arises from the expected huge heat fluxes, which 
are beyond the capability of conventional cooling techniques. At the same time, the presence of local hot spots 
may create thermal stresses and thus shorten the life-time of the chip. Flow boiling in microchannels can 
dissipate high heat fluxes and thus alleviate the effect of hot-spots, i.e. prolong the life-time of the chip. It is 
well known that the information technology (data centers) is one of the energy intensive industry. Avgerino et 
al. [5] reported that the IT industry consumes 7 % of the global electricity and this value is predicted to reach 
13 % by 2030 while data centers consume 1.4 % of the global electric energy. The same authors reported that 
the predicted total energy consumption by data centers in Europe will be 104 TWh by 2020 while the value in 
America will reach 140 TWh. It is commonly known that the cooling system in data centers accounts for about 
40 % of the total energy consumed by data centers [6]. Assuming that the cost of electricity is 10 cent/kWh, 
then the cost of electricity in datacenters is expected to reach $14 billion by 2020 of which about $6 billion 
will be spent on cooling. An additional advantage of using microchannel heat exchangers for on-chip cooling 
is that it can play a vital role in energy saving in data centers, with the additional possibility of utilizing the 
energy recovered. 
  
Miniature vapour compression refrigeration (VCR) systems were introduced as a viable option for electronics 
and personnel cooling in military and harsh environment. The challenges in the development of miniature 
VCR for electronics cooling were summarized in ref. [7] as follows: (i) the need for efficient, reliable and 
compact compressor, (ii) the moisture condensation in the heat sink region, (iii) the cost of the system, (iv) the 
system should be able to handle variable load and heat dissipation with fast response, (v) the issue of noise 
and vibration. Microchannel heat exchangers can play an important role in the development of miniature VCR 
systems because of their capability to provide a high degree of compactness. Some researchers designed and 
examined the thermal performance of miniature VCR systems with the purpose of electronics cooling. Mongia 
et al. [8] tested a miniature VCR that incorporates two microchannel evaporators connected in series with 
cooling capacity of 40 and 10 W and reported a COP value greater than 2.25. Thus, the power consumption 
by the compressor was 22.2 W (44 % of the total cooling load). Wu et al. [9] manufactured a micro compressor 
for a miniature VCR system with cooling capacity of 300 W and the measured COP was 2.3. This means that 
the compressor consumed 130.4 W (43.5 % of the cooling load). Wu and Du [10] investigated the effect of 
refrigerant charge and compressor speed on the performance of a miniature VCR system with cooling capacity 
of 200 W. Their results indicated that the COP of the system depends on the refrigerant charge and compressor 
speed and its value varied from 2.7 to 3.4 (the compressor consumes 58.8 – 74 W or 29.4 – 37 % of the cooling 
load). Yuan et al. [11] investigated the performance of a miniature VCR system for personal cooling 
applications. Their system achieved a maximum cooling capacity of 260 W with a COP value of 1.62, i.e. the 
compressor consumes 160.5 W (61.7 % of the cooling load). Oliveira and Barbosa [12] tested a VCR system 
that incorporates a novel two-phase jet heat sink which integrates the evaporator and the expansion device in 
a single module. They reported that this system dissipated 200 W with a COP value of about 3 (the compressor 
consumed 66.7 W or 33.4 % of the cooling load). It can be concluded from the above studies that the cooling 
capacity achieved by the examined systems ranged from 50 to 300 W, which is still low compared to the future 
cooling demand in electronics and high heat flux systems. The above studies agreed on the fact that the 
compressor is the most challenging component in a miniature vapour compression system, [9,10].  
 
Power electronics such as insulated gate bipolar transistors IGBTs are widely used in several applications such 
as electric vehicles, rail tractions, wind turbines, power supplies and motors. It is worth mentioning that each 
module accommodates at least one IGBT chip and one diode chip. Karayiannis and Mahmoud [1] discussed 
the challenges in the thermal managements of IGBT modules. They concluded that the heat flux at the chip 
base could be as high as 10 – 50 MW/m2 for the IGBT chip and 6.3 – 30 MW/m2 for the diode chip. Thus, the 
heat flux values at the IGBT chips are much higher than those at the diode chip and consequently the local 
heat fluxes are not uniformly distributed inside the module, which may result in severe temperature gradients 
in the substrate. Accordingly, the cooling system of IGBT modules should take into account the non-uniform 
heat flux distribution inside the module, which still is challenging. Although liquid cooled IGBT modules are 
commercially available, overheating is still the main reason of failure in IGBT modules. Thermo-mechanical 
stresses were reported as the main reason of failure in IGBTs [13]. As previously mentioned, two phase flow 
boiling in microchannels could be very efficient in cooling IGBT modules due to the capability of reducing 
the hot spots inside the chip and achieving high heat transfer rates. Saums et al. [14] evaluated experimentally 
the cooling of IGBT modules using air, water and R134a refrigerant. They concluded that two phase cooling 
using R134a achieved much higher heat dissipation rates, e.g. the heat dissipation rate increased by 96 % 
compared to water cooling and increased by 125 % compared to air cooling. Additionally, it achieved 
significant reduction in size and weight, e.g. the size of the cooling system decreased by 250 %.  
                                                                               
The polymer electrolyte membrane (PEM) fuel cells are widely used in the auto industry due to their fast start 
up and low operating temperature (about 80 0C). The challenge in the thermal management of PEM fuel cells 
arises from the fact that the temperature of the cell varies considerably, which is expected to affect the cell 
performance and membrane life-time [15]. Another challenge arises from the low operating temperature, i.e. 
small temperature difference between the cell and the ambient. This requires huge heat transfer surface area to 
dissipate the generated heat effectively, which can be achieved with microchannel heat exchangers. 
Additionally, the cell operating temperature should be maintained within a certain range. Barreras et al. [16] 
reported that if the cell temperature is too low, water will flood and prevent the transport of the reactant gases 
through the membrane. If the cell temperature is too high, the membrane will be dehydrated and thus 
performance degradation will occur. In fuel cells, the most important sources of heat generation are the 
irreversibility of electrochemical reactions and joule heating [17] and thus the conversion efficiency in PEM 
fuel cells was about 50 % [18]. Another complexity in fuel cells is the variation of heat dissipation with the 
cell voltage. Pandiyan et al. [17] reported that with 16.7 % reduction in the cell voltage (from 0.6 to 0.5 V), 
the conversion efficiency decreased from 50 % to 33 %. In other words, the heat dissipation rate increased 
significantly as the cell voltage decreased. Pei et al. [19] measured the temperature distribution in the cathode 
plate of a PEM fuel cell stack that was cooled with de-ionized water. It was found that the temperature peaks 
at the cells located at the middle of the stack with a maximum temperature difference of 8 K. The currently 
adopted research attempts of cooling PEM fuel cells include single phase liquid cooling using nanofluids [20, 
21] and heat pipes [22, 23]. Although boiling in microchannels is very promising for thermal management of 
PEM fuel cells, there is limited research on boiling in microchannels at conditions relevant to fuel cell 
applications. One of the recommended fluids could be HFE-7100 and FC-72, which have a saturation 
temperature of 61 0C and 56 0C at atmospheric pressure. They can achieve cell temperature of about 75 0C 
with the assumption that the wall superheat is about 10 - 15 K.  
 
2.2 Cost Effectiveness of Using Two-phase Flow Pumped Systems Some researchers reported on the 
effectiveness of pumped systems incorporating microchannels heat exchangers (the fluid is driven by a small 
pump) compared to other cooling systems. For example, Berkeley and Mahdavi [24] presented a case study 
for comparison between conventional air cooling and on-chip water cooling for a small supercomputer (300 
kW). It was found that the conventional chilled air cooling system consumed 44 % of the rated power (0.44 × 
300 kW) while the direct on-chip water cooling consumed 16.7 % (0.167 × 300 kW). With the fact that flow 
boiling heat transfer coefficient is much higher than that of single phase flow, more energy saving can be 
achieved with boiling in microchannels. Marcinichen et al. [25] conducted an evaluation study for three 
cooling systems to cool a server blade with total power 3.7 kW. The first system was single phase water 
cooling, the second system was two phase pumped loop cooling system using R134a and R1234ze and the 
third system was vapour compression cycle (VCC). They found that the power consumption by the two phase 
pumped system was the lowest, i.e. 6.4 W for R134a and 7.9 W for R1234ze. On the contrary, the single phase 
water cooling consumed 35 W and the VCC consumed 746.5 W. In other words, the two phase pumped system 
is more efficient compared to vapour compression refrigeration systems (compressor-based systems). In the 
experimental work of Al-Zaidi et al. [26], for a multichannel evaporator consisting of rectangular channels of 
hydraulic diameter 0.46 mm, 20 mm long and using HFE-7100, the recorded energy consumption of the micro-
geared pump at the highest heat flux of 335.29 kW/m2 (167.6 W of cooling) was 14.25 W. This indicates the 
possible low pumping power of these integrated systems. The COP) of such a system is 11.8, which is much 
higher that the small scale refrigeration systems mentioned above. Mahmoud and Karayiannis [27] evaluated 
experimentally the performance of a small scale pumped loop cooling system using HFE-7100 in a multi-
microchannel evaporator and reported a COP value of 22.1 at 384 W cooling load. As mentioned above, an 
additional advantage of the pumped systems is the possible energy recovery in applications such as data 
centres. 
 
One of the challenges in both pumped two-phase flow systems and small scale refrigeration systems is the 
design of the condenser [28], which is currently assessed by the present authors. This can be considerably 
larger than the microscale evaporator, especially if the final heat sink is the ambient air. 
 
 
3. DEFINITION OF SMALL TO MICRO PASSAGES 
 
The precise definition of a microchannel and/or the criterion used to distinguish between macro and micro heat 
exchangers is still a controversial issue among researchers. Shah and Sekulic [29] defined microchannels based 
on the surface to volume ratio (β). Heat exchangers were regarded as compact for β ≥ 700 m2/m3, meso for β 
≥ 3000 m2/m3, and micro for β ≥ 15000 m2/m3. Some researchers [30, 31] used a fixed range of diameter for 
the definition of a microchannel. For example, Mehendale et al. [30] considered heat exchangers as 
conventional for D > 6 mm, compact for D = 1 – 6 mm, meso for D = 0.1 – 1 mm and micro for D = 0.001 – 
0.1 mm. Kandlikar and Grande [31] defined heat exchangers as conventional for D > 3 mm, mini for D = 0.2 
– 3 mm and micro for D = 0.01 – 0.2 mm. This classification did not take into account the effect of flow and 
fluid properties on bubble size and confinement and may not be representative for two phase flow. Hence, 
some researchers studied the effect of channel size and flow rates on flow patterns and reported significant 
effects on flow patterns characteristics. These effects were attributed to the relative importance of the gravity, 
surface tension and inertia forces. Therefore, they proposed non-dimensional criteria for the transition from 
macro to micro scale, which took into consideration the effect of gravity, inertia and surface tension forces. 
The important dimensionless groups included the Eotvos number [32, 33], the confinement number [34], the 
Bond number [35], the Laplace constant [36] and the Reynolds number [37], see Karayiannis and Mahmoud 
[1] for more details. Karayiannis and Mahmoud [1] evaluated the criteria, based on the dimensionless groups, 
using water, R134a, R245fa, R236fa and HFE-7100 and reported clear discrepancy with some partial 
agreement among some criteria as seen in Fig. 1, [1]. The values predicted by the criterion given by Harirchian 
and Garimella [37] agree with those predicted by the second criterion (c2) given by Tibirica and Ribatski [38]. 
Chen et al. [39] investigated flow boiling patterns for R134a in four vertical metallic tubes with D = 4.26, 2.88, 
2.01 and 1.1 mm. They reported that confined bubble flow (a characteristic of small tube) appeared at some 
operating conditions in the 2.01 mm tube and was established at all conditions in the 1.1 mm diameter tube. 
Thus, it was concluded that the threshold diameter between small and conventional tubes may be of the order 
of 2 mm. This value agrees with the value predicted by the first criterion (c1) given by Tibirica and Ribatski 
[38] and the criterion given by Ong and Thome [40] and is near to the values given by the criterion of Cornwell 
and Kew [34]. It is obvious from Fig. 1 that some criteria demonstrate small dependence on the saturation 
temperature, while others indicate a strong dependence. Recent flow visualisation work by the present group 
with R134a indicates two possible transition points, i.e. from traditional to small or mini and small to micro. 
However and in conclusion, a comprehensive definition that considers the fundamental phenomena and 
mechanism(s) is required to classify normal, small and micro size tubes. More experimental data that consider 
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4. NUCLEATION IN CONFINED SPACES 
 
Nucleation in microchannels may exhibit complex behaviour compared to that occurring in large diameter 
channels. The complexity can arise from the small size and/or very smooth boiling surface due to the 
manufacturing processes, i.e. few nucleation sites. As a result, nucleation may occur at high wall superheat 
and high heat fluxes compared to large diameter channels, which could result in explosive boiling and 
significant effects on local heat transfer rates and mechanism(s). For example, Yen et al. [41] reported wall 
superheat value of 100 K and 45 K at boiling incipience for D = 0.19 mm and D = 0.51 mm, respectively. Peng 
et al. [42] reported peculiar behaviour for boiling in microchannels and did not observe any bubbles in their 
experiment, although the boiling curve exhibited fully developed nucleate boiling behaviour. Hence, they 
called this phenomenon “fictitious boiling” and proposed the concept of “minimum evaporating space” to 
explain this unique behaviour. Additionally, based on a model proposed by [42], they concluded that: (i) wall 
superheat at boiling incipience increases as the diameter decreases and (ii) fluids with greater liquid to vapour 
density ratio, higher latent heat and larger thermal diffusivity require larger heat fluxes at boiling incipience. 
Ghiaasiaan and Chedester [43] reported that nucleation in microchannels is significantly affected by the 
thermo-capillary force and the drag force acting on a nucleating bubble. They proposed a model for nucleation 
which predicts that nucleation is suppressed when the thermo-capillary force overcomes the drag force. Lee et 
al. [44] reported that channel height has a significant effect on bubble nucleation in microchannels, while heat 
and mass flux have insignificant effects. As the channel height decreases, the critical cavity radius decreases. 
Li and Peterson [45] investigated nucleation in a trapezoidal microchannel with a very smooth surface (Ra = 
0.005 µm) using de-ionized water as the test fluid. It was found that the heat flux and wall superheat at boiling 
incipience were 43 MW/m2 and 110K, respectively. They attributed the nucleation mechanism to vapour 
explosion on a smooth surface rather than nucleation from surface cavities. The Hsu [46] model (Eq. (1) below 
applied with these conditions by the present authors, predicts a range of active cavity sizes of 0.25–6.3 µm. 
This is significantly larger than the average roughness of the channel (0.005 µm). Furthermore, using the model 
gives a heat flux value at boiling incipience of 38 MW/m2, which is 13 % lower than the measured value of 43 
MW/m2. This reasonable predictions of the heat flux at boiling incipience could be indicative that the model 
can be used in microchannels. The average roughness gives an indication of the average depth of the cavities 
but not the cavity mouth radius, which is predicted by the Hsu [46] model. Hence the difference between the 
predicted minimum cavity size (0.25 µm) and the average surface roughness (0.005 µm) may indicate that the 
average surface roughness is not a suitable parameter for characterizing the surface in terms of size of active 
nucleation sites. Note that not all researchers report such large superheat values at boiling incipience. For 
example, Wang and Cheng [47] investigated boiling incipience for de-ionized water in a silicon micro channel 
with Ra value of 0.05 µm. It was reported that nucleation occurred at a wall superheat value of 40 K and heat 
flux 3.31 MW/m2. The researchers claimed heterogeneous nucleation on a smooth surface free of cavities. The 
predicted range of an active cavity using the Hsu model for the values of wall superheat in [47] is 0.68 – 17.5 
µm. This, again did not match the Ra value of 0.05 µm. In addition, the predicted heat flux at boiling incipience 
is 5 MW/m2, which is 33.8 % higher than the measured value of 3.31 MW/m2. It can be concluded from the 
above studies that high wall superheat/heat flux is required at boiling incipience, the thermo-capillary force 
and channel height affect nucleation considerably, the Hsu model performs reasonably in microchannels and 
the average surface roughness is not the correct surface parameter for estimating the cavity mouth radius and 
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Mahmoud and Karayiannis [4] assessed the effect of fluid type (fluid properties) on the size range of active 
nucleation sites using the above equation, see Fig. 2.  According to Eq. (1), as the surface tension increases, 
the required minimum cavity radius increases, i.e. rough surfaces are preferred for bubble nucleation. 
However, as the vapour density and latent heat increases, the required minimum cavity radius decreases 
(smoother surfaces, i.e. smaller cavities, can provide nucleation sites). Hence, the surface tension and the term 
𝜌𝑔ℎ𝑓𝑔have two opposite effects. Note that R134a has low surface tension and high 𝜌𝑔ℎ𝑓𝑔compared to fluids 
like R245fa ethanol or water examined here. This means that nucleation is possible with R134a from surfaces 
with small size cavities (nano/micro-structure) compared to the other fluids studied. In addition to the above, 
the following can be concluded from Fig. 2: (1) The minimum cavity radius decreases as the wall superheat 
increases, i.e. cavities of smaller size become active. (2) The minimum wall superheat corresponding to the 
critical cavity radius was 0.013 K, 0.081 K, 1.3 K and 9.8 K respectively for R134a, R245fa, ethanol and water. 
(3) The range of active cavity sizes decreases as the surface tension increases and/or the term 
𝜌𝑔ℎ𝑓𝑔decreases.This is seen in the results of R134a (wide range) compared to for example water (narrow 
range). (4) At the saturation temperature 39.4 0C examined, water required rough surfaces compared to 
refrigerants. Note that the saturation pressure corresponding to 39.4 0C is 0.074 bar for water and is 0.174 bar 
for ethanol and the nucleation superheat is very large compared to refrigerants at the same conditions, 
especially for water. As depicted in Fig. 2b the required wall superheat for water at atmospheric pressure is 
significantly low compared to the case of 0.074 bar. Hence the results demonstrate also that the range of active 
nucleation sites increases and nucleation shifts to cavities of smaller size as the system pressure increases. This 
indicates that water under vacuum is not a good choice for cooling high heat flux devices due to the required 
high wall superheat at boiling incipience compared to other fluids examined her. Therefore water may not be 
suitable for cooling devices that require surface temperature below 85 0C. From the above analysis, it can also 
be clearly stated that the surface characteristics should be considered in relation to fluid properties, since 
relatively smooth surfaces can perform better with refrigerants compared to high surface tension fluids such 






Fig. 2. The range of active nucleation sites predicted using the Hsu [46] model, (a) effect of the type of fluid, 
(b) effect of saturation temperature for water, [4]. 
 
 
5. BUBBLE DYNAMICS – EFFECT OF CONFINEMENT 
 
In pool boiling, it is commonly known that, two forces are deemed important in bubble growth and departure 
cycle namely; surface tension and buoyancy forces. Additionally, bubble growth is controlled by inertia in the 
early stage (Rb α t) [48] while in a later stage it is controlled by the heat transfer rate at the bubble wall (Rb α 
t0.5) [49]. In conventional flow boiling systems, the bubble dynamics may exhibit different characteristics 
compared to pool boiling due to the effect of other forces arising from the fluid motion. The bubble leaves the 
nucleation site either by sliding motion along the heated surface or by lifting-off the surface while in pool 
boiling the sliding motion is very rare. In microchannels, bubble confinement may result in a complex behavior 
compared to pool boiling and large diameter channels. This section sheds some light on the features of bubble 
dynamics in microchannels reported by a number of researchers. Lee et al. [50] observed that the bubble grows 
and stretches in the flow direction and hence forms a balloon-like shape with a stretched neck and remains 
anchored at the nucleation site. At the moment of departure, the liquid/vapour interface at the neck merges 
immediately. Lee et al. [51] reported similar behaviour and attributed the non-spherical shape of the bubble to 
the effect of drag force and the restricted channel size. They concluded the following: (i) the bubble diameter 
increased almost linearly with time (inertia controlled bubble growth), (ii) the surface temperature does not 
affect the bubble departure volume but it affects the evaporation rate (growth rate), which contradicts the macro 
scale systems where the bubble departure volume increases with increasing surface temperature, (iii) the 
bubble departure volume increases as Reynolds number decreases (drag force was considered as the dominant 
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force affecting bubble departure) and (iv) bubble departure volume increases as the channel height increases. 
It is worth mentioning that Lee et al. [44] reported that there was no waiting period, i.e. there was no time 
delay between the old bubble and the formation of a new one. Lee et al. [51] observed that bubbles nucleate at 
the channel corners at a number of locations along the channel and the bubble grew almost linearly with time 
(R α t), indicating that the process of bubble growth is inertia controlled. Also, it was reported that surface 
tension and drag forces are the most dominant forces affecting bubble departure size in microchannels. Lee et 
al. [52] investigated the effect of creating artificial nucleation sites on bubble nucleation and dynamics in a 
single microchannel. It was found that for channels without artificial nucleation site, the wall superheat 
affected the bubble dynamics strongly. At wall superheat of 4 K, the bubbles took 70 ms to grow to the channel 
width before departure while at wall superheat of 6 K the bubble grew in an explosive manner and took only 
2 ms to reach the channel size. For the channel with artificial nucleation site, the bubble grew to the channel 
size and expanded without detachment in both upstream and downstream directions. Additionally, the bubble 
grew according to the relation R α t3, which is different compared to bubble growth in pool boiling (R α t0.5). 
Yin et al. [53] observed that the bubble nucleates at the channel corner then it departs the nucleation site by 
sliding motion along the channel. The bubble size and sliding velocity did not change significantly in the early 
stage of sliding while at a later stage, immediately before lifting off, the sliding velocity was larger and the 
bubble size was smaller. This sliding motion was attributed to a balance between the quasi steady drag and 
surface tension forces.  
 
Mahmoud and Karayiannis [4] used the model proposed by Klausner et al. [54] for the prediction of bubble 
departure diameter in flow boiling systems to quantify the effect of fluid properties, tube diameter and 
operating conditions (saturation temperature and mass flux) on the bubble dynamics. The details of the 
equations are summarized in ref. [4] and the results of evaluation are depicted in Fig. 3 for saturation 
temperature 39.4 0C. It was found that the bubble growth rate of R245fa is significantly higher than that of 
R134a but considerably lower than that of ethanol and water. They assumed that the waiting period is 
negligible and thus the bubble generation frequency can be estimated directly from the bubble growth time. 
On doing so, the frequency was 91 bubbles/sec for R245fa, 8 bubbles/sec for R134a, 10869 bubbles/sec for 
ethanol and 23810 bubbles/sec for water. Accordingly, they reported that at the exit of the heated tube, bubbly 
flow is more likely with R134a due to the low bubble generation frequency and thus low bubble coalescence 
rate. On the contrary, slug or churn flow is expected with R245fa immediately at boiling incipience due to the 
relatively high bubble generation frequency and the expected high coalescence rate. For water and ethanol, 
due to the very high bubble generation frequency, bubbly and even slug flow patterns are rarely observed 
(annular flow is the dominant flow regime). Mahmoud and Karayiannis [4] compared the thermo-physical 
properties of the four fluids and concluded that: (i) there is a small difference in latent heat, liquid specific heat 
and liquid thermal conductivity between the two refrigerants. (ii) the liquid to vapour density and viscosity 
ratio and surface tension show variation and have a significant effect on bubble growth and departure. In other 
words, for refrigerants, as the surface tension and liquid to vapour density and viscosity ratio increases, the 
bubble growth rate increases. For water and ethanol there was a big difference in all properties which makes 
it difficult to estimate which parameter is important. Figure 3 depicts an interesting point, i.e. that the bubble 
departure radius ranged from 60 to 65 µm (bubble diameter 120 – 130 µm) for all fluids. Bearing in mind that 
the bubble departure frequency depends significantly on fluid properties, the flow patterns are expected to be 
different as discussed above although the departure size is nearly the same. In other words, bubble generation 
frequency is the most important factor in the evolution of flow patterns. Figure 3c demonstrates that as the 
pressure increases, the bubble growth time increases and consequently the bubble generation frequency 
decreases. It can be concluded from the above studies that bubble growth in microchannels is different 
compared macro channels and channel height was reported to affect the bubble departure size. Surface tension 
and drag forces affect significantly the bubble growth and departure in microchannels. Fluid properties did not 
affect significantly the bubble departure size, i.e. bubble departure is more controlled by the forces due to fluid 
motion. On the contrary, the bubble growth time (bubble generation frequency) depends significantly on fluid 
properties. Thus, the flow patterns in flow boiling are more influenced by the bubble generation frequency 









Fig. 3. Effect of fluid type and saturation pressure on the bubble growth rate and departure radius [4] 
predicted using the force balance model of Klausner et al. [54], (a) R245fa versus R134a, (b) ethanol 
versus water, (c) effect of saturation pressure for water. 
 
 
6. EFFECT OF SURFACE CHARACTERISTICS 
 
6.1 Effect of Surface Manufacturing Method The method of manufacturing the test channel for flow 
boiling systems could result in significant variations in the surface micro structure and consequently variations 
in the local heat transfer rates and mechanism(s). Indeed, the effect of surface structure on flow boiling heat 
transfer rates is difficult to understand because the variations in surface structure may also result in variations 
in the surface wettability [55, 56]. Some researchers [57-59] investigated the effect of surface roughness on 
flow boiling heat transfer rates in mini and microchannels and reported different conclusions. Kandlikar and 
Spiesman [57] reported that surface roughness had an insignificant effect on the heat transfer rates. Jones and 
Garimella [58] concluded that surface roughness did not affect boiling incipience but affected the critical heat 
flux (CHF) especially at low mass fluxes. The rough surface in their study achieved enhancement in CHF of 
22 %. Alam et al. [59] observed that as the surface roughness increases, the active nucleation site density 
increases, the heat transfer rate increases and the wall superheat at boiling incipience decreases. The current 
research group studied the effect of the method of manufacturing tubes on local flow boiling heat transfer rates, 
see Mahmoud et al. [60]. They tested two stainless steel tubes of diameter 1.1 mm and 150 mm heated length 
using R134a as the test fluid. The first tube was manufactured by the welding method while the second tube 
was manufactured by the cold drawn process. They characterized the inner surface using Scanning Electron 
Microscope (SEM) analysis and the results are shown in Fig. 4. The figure demonstrated that the surface of 
the welded tube is smooth with few debris of irregular shape, and nucleation will depend on whether this shape 
forms a cavity-like structure or not. On the contrary, for the cold drawn tube, many longitudinal scratches that 
seem uniformly distributed along the surface were found. The difference in surface microstructure resulted in 
a clear difference in the trend of the local heat transfer coefficient versus local vapour quality as seen in Fig. 
5. For the welded tube, the heat transfer coefficient jumped to a peak value at vapour quality near zero then 
decreased rapidly to a minimum value after which it increased rapidly with vapour quality before it decreases 
again at the last thermocouple location. The heat flux effect was very complex. For the cold drawn tube, the 
heat transfer coefficient peaked at quality values very close to zero then it remained approximately constant 
with local quality with a clear heat flux effect.  
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Fig. 4. SEM images for the inner surface of (a) welded tube of 1.16 mm diameter and (b) seamless cold 






Fig. 5. Local heat transfer coefficient versus local vapour quality at pressure 8 bar and mass flux 300 
kg/m2 s, (a) welded tube, (b) seamless cold drawn tube, adapted from Mahmoud et al. [60].   
 
Mahmoud et al. [60] observed that the wall superheat at boiling incipience reached 17.4 K in the welded tube 
and 3.7 K in the cold drawn tube, see Fig. 6 and was considered as a reason for the peculiar trend of heat 
transfer coefficient in the welded tube. The high superheat results in rapid bubble growth and thus the elongated 
bubble regime may appear immediately at boiling incipience. Additionally, the bubble may grow while it 
remains anchored to the nucleation site for a while and hence a dry area can form around the elongated bubble. 
This may explain the high heat transfer coefficient at vapour quality near zero and the rapid decrease with 
quality when the dry area forms around part of the bubble. When the bubble leaves the nucleation site and 
moves with the flow, the liquid film was reconstructed around the bubble and due to the scarcity of nucleation 
sites in the welded tube, liquid film evaporation becomes more dominant. This may be inferred from the rapid 
increase in heat transfer coefficient with vapour quality after the minima in Fig. 5a (see arrow in figure for 
q=34 kW/m2 as example), which was not observed in the cold drawn tube (tube that was thought to have more 
nucleation sites). Mahmoud and Karayiannis [4] attributed the absence of the increasing trend with quality in 
the cold drawn tube to possible partial nucleation in the liquid film in annular flow, which may disturb the 
liquid film. They compared the experimental data of the two tubes with predictions from Cooper [61] pool 
boiling correlation and annular flow models (assuming liquid film evaporation), see Fig. 7. The figure 
demonstrated that the data of the cold drawn tube agree very well with the Cooper correlation indicating 
possible contribution of nucleate boiling. By contrast, there were significant deviations between the data of the 
welded tube and the predictions from the Cooper correlation, e.g. the heat transfer coefficient increased rapidly 
with increasing vapour quality. In other words, the contribution of nucleation mechanism was very small in 
the welded tube (smooth surface). The comparison with the annular flow models [62 – 64] (models that assume 
convective film evaporation as a dominant mechanism) indicated that the trend in the welded tube agrees well 
with the predictions based on the Ishii [62] and Cioncolini and Thome [63] models. Finally, they concluded 
that the presence of nucleation in annular flow may cause the heat transfer coefficient fluctuation with vapour 
quality due to disturbance in the liquid film and possible periodic local dryout, which makes the time averaged 
heat transfer coefficient nearly constant with vapour quality.  
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Fig. 6. The boiling curves for the welded and 
seamless tube, Mahmoud et al. [60] 
Fig. 7. The local heat transfer coefficient in the 
welded and cold drawn tube compared with some 
prediction methods in annular flow [4]. 
 
6.2 Effect of Surface Coating Heat transfer enhancement in flow boiling by surface coating has attracted 
the attention of many researchers in the recent years. Ammerman and You [65] investigated flow boiling of 
FC-87 in a silicon channel (2 × 2mm) coated with a 100 µm layer of a micro porous coating. They reported 
that the heat transfer coefficient was enhanced by 140 – 200 % (the upper value corresponds to the lowest 
mass flux and the lower value corresponds to the higher mass flux) and the CHF by 14 – 36 %. Yang et al. 
[66] studied flow boiling of HFE7000 in silicon multi- microchannels (250 × 220 µm) coated with Si nano 
wires (Si-NWs coating). It was observed that bubbly and slug flow did not appear in the coated channels and 
annular flow was the dominant flow regime. The absence of bubbly and slug flow in the coated channels was 
attributed to the dominance of capillary force at the porous surface, which holds the liquid film on the boiling 
surface. Additionally, the average heat transfer coefficient in the coated channels was enhanced by 344 %, 
especially at low mass flux and vapour quality. The enhancements decreased to a 104 % at high vapour quality 
near the CHF. Khanikar et al. [67] tested flow boiling of water in a rectangular channel (0.371 × 10 mm) coated 
with carbon nanotubes (CNTs). It was found that the CNT-coated surface enhanced the CHF by about 21-23 
% at low mass flux (86 kg/m2s) while the CHF decreased by 1-21% at high mass flux (228 kg/m2s). The authors 
stated that the physical changes in the morphology of the CNTs induced by the high flow velocity, e.g. bending 
of the nano-tubes, can explain the degradation at high mass flux. Morshed et al. [68] studied water flow boiling 
in a rectangular channel (0.372 × 5 mm) coated with Cu-Al2O3 composite nano particles. It was reported that 
the incipience wall superheat decreased by 5.5 % for the coated surface while the average heat transfer 
coefficient was enhanced by 30 – 50 % at low mass flux and 35 – 120 % at high mass flux. Additionally, the 
CHF was enhanced by 35 to 55 %, which was attributed to the decrease in contact angle or increase in surface 
wettability. Kim et al. [69] examined water flow boiling in a channel coated with a “smart coating”, i.e. the 
wettability changes spontaneously with the changes in wall superheat. The surface changes from hydrophobic 
at low wall superheat to hydrophilic at high wall superheat. It was found that boiling started at lower wall 
superheat for the smart surface with the observation of several active nucleation sites compared to the uncoated 
surface. This was attributed to the effect of surface wettability, which was considered the most significant 
factor. Additionally, the smart surface enhanced the heat transfer coefficient by 109 % but it did not affect the 
CHF. Bai et al. [70] investigated flow boiling of ethanol in porous-coated multi microchannel copper heat 
sinks. It was found that the wall superheat at the onset of boiling was about 17 % lower for the coated channels 
compared to the uncoated ones. Additionally, they concluded that the enhancement in heat transfer coefficient 
due to coating was very limited to the low vapour quality region < 0.2 (low heat flux levels). 
 
Kaya et al. [71] tested flow boiling in stainless steel tubes of diameter 0.249, 0.507 and 0.998 mm which were 
coated with a 30 nm layer of a polymer with water. It was found that the CHF increased by 17%, 24% and 8% 
respectively for D = 0.249, 0.509, 0.998 mm at the lowest mass flux while at the highest mass flux the 
enhancement was 18%, 22% and 17% in the same order. The authors explained that the decrease in the contact 
angle due to the coating (better wettability) from 750 for the plain surface to 450 for the coated surface causes 
the enhancement in CHF. At the lowest mass flux, the heat transfer coefficient of the coated tubes (measured 
at one location near the tube exit) increased by 109%, 26% and 22% respectively for D = 0.249, 0.507 and 
0.998 mm compared to the uncoated tube. At the highest mass flux the corresponding values were: 104%, 
55%, and 19 %. Nedaei et al. [72] extended the work by Kaya et al. [71] and coated the 0.507 mm diameter 
tube such that the surface wettability (contact angle) can be different along the tube length, i.e. wettability 
gradient in the axial direction. It was concluded from their study that the coating shifted the boiling curve 
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slightly to the left but with a smaller slope (lower wall superheat for the same heat flux). The coating achieved 
a maximum enhancement in heat transfer coefficient of 64 %. The current research group investigated local 
flow boiling of R245fa in a vertical cold drawn stainless steel tube of diameter 4.26 mm, length 500 mm and 
coated with copper nanocoating, see Al-Gaheeshi et al. [73]. The coating was performed by Oxford 
Nanosystems Ltd. Figure 8 depicts the SEM images for the coated (Ra = 0.675 µm) and the uncoated tubes 
(Ra=0.197 µm). The figure indicated that the surface of the uncoated tube is smoother with the existence of 
random pits, which could be nucleation sites. On the contrary, the SEM picture of the coated tube demonstrated 
that the surface is highly rougher than the uncoated tube and the microstructure of the coating is uniformly 
distributed over the surface. The structure and the uniform distribution of the coating are expected to increase 
the number of nucleation sites and thus the heat transfer rates. The heat transfer results are presented in Fig. 9 
[73], which demonstrates that the trend of the heat transfer coefficient for the two tubes is nearly the same. 
Additionally, they reported that the amount of enhancement increased as the heat flux increased due to the 
activation of more nucleation sites in the coated surface. Figure 9b showed that the average heat transfer 
coefficient increased linearly with heat flux with insignificant mass flux effect for both tubes. The average 
heat transfer coefficient is about 33 % higher in the coated tube.  
   
                 
(a) Uncoated tube                             (b) Coated tube 
Fig.8. TheSEM pictures for the uncoated and coated tube, Al-Gaheeshi et al. [73]. 
 
             
(a)                                                                  (b) 
Fig. 9. (a) Effect of coating on the local heat transfer coefficient at Tsat = 31oC and G = 300 kg/m2s and (b) 
effect of coating on the average heat transfer coefficient for different mass fluxes, [73]. 
 
6.3 Effect of Boiling Surface Material The material of the boiling surface could affect the surface finish 
and consequently the local heat transfer characteristics. Some researchers tested different materials and 
reported differences in the surface finish and heat transfer rates [74 – 77]. Additionally, the thermal properties 
of the boiling surface could affect the bubble growth rate and thus the bubble ebullition cycle. Mahmoud and 
Karayiannis [4] presented a thorough discussion to the effect of boiling surface material on bubble growth and 
heat transfer rates. They used a bubble growth model (Eq. (2) below) proposed by Cooper [77] to quantify the 
effect of the thermal properties of the wall on bubble growth. They conducted the evaluation using R134a and 
three materials (stainless steel, aluminum and copper) and the results are shown in Fig. 10. It was concluded 
that bubble growth rate on a copper surface is significantly higher than that occurring on aluminum and 
stainless steel surfaces. Additionally, bubble departure size is expected to be much larger with copper surfaces. 
The high bubble growth rate may enhance the overall heat transfer rates in the low heat flux region but heat 
transfer deterioration may occur at high heat fluxes due to the increased rate of bubble coalescence and the 
formation of dry patches on the surface. Finally, they concluded that the surface material should be taken into 
consideration at the design stage of boiling heat transfer surfaces.  
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Fig. 10. Effect of material on bubble growth rate predicted using Eq. (2) by Cooper [77]. 
 
The effect of substrate material in flow boiling cannot be concluded from the literature due to the difference 
in operating conditions (mass flux, heat flux, and inlet conditions), type of fluid, diameter and heated length. 
To avoid the variations in the above parameters, the current research group tested flow boiling in cold drawn 
copper, brass and stainless steel tubes with 1.1 mm diameter and 300 mm length using R245fa, see Pike-
Wilson and Karayiannis [78]. They conducted the tests in the mass flux range 100 – 400 kg/m2s, heat flux 
range 10 – 60 kW/m2, vapour quality up to 0.95 and 1.8 bar inlet pressure. The SEM image for the three 
investigated tubes are shown in Fig. 11 which indicates that the surface of the stainless steel tube exhibited 
some deposits, the brass surface showed imperfections and the copper surface is smooth with few longitudinal 
scratches. They also measured the average roughness and the values were 0.524 µm for copper, 0.716 µm for 
stainless steel and 1.249 µm for brass. It was found that the heat transfer coefficient in the stainless steel tube 
exhibited local peaks with a tendency for increasing with vapour quality towards the exit. For the brass tube, 
there were no local peaks and the heat transfer coefficient remained nearly unchanged for vapour quality below 
0.1 after which the heat transfer coefficient increased rapidly with vapour quality. For the copper tube, the heat 
transfer coefficient exhibited small fluctuations with vapour quality with increased trend towards the exit for 
some heat flux values. The local peaks found in the stainless steel tube were attributed to the surface flaws. 
Additionally, it was concluded that the method of analyzing the surface and processing the data could result 
in significant differences in the surface data. In this study, the researchers could not isolate the effect of the 
material, since the tube had different surface roughness and hence this requires further investigation. 
 
 
Fig. 11. SEM results for (a) stainless steel, (b) brass and (c) copper, Pike-Wilson and Karayiannis [78]. 
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7. EFFECT OF HEATED LENGTH 
 
This section presents and discusses the effect of heated length on local flow boiling heat transfer characteristics 
in single tubes. The literature on this is limited. Some researchers [79 – 81] studied flow boiling of R134a in 
stainless steel tubes having an inner diameter of 0.5 mm and different heated length, 550 mm in [79], 75 mm 
in [80] and 100 mm in [81]. They have reported completely different trends for the local heat transfer 
coefficient versus local vapour quality, which may be attributed to the difference in the heated length. 
However, inspecting their studies one can see that other factors could result in these differences in the trend of 
the local heat transfer coefficient versus local quality, see [4] for further information. Accordingly, it can be 
concluded that it is very difficult to understand the effect of heated length from the literature. This is because 
it is very difficult to find a number of experimental studies that cover exactly similar experimental conditions 
but different heated length. The current research group studied the effect of heated length on local saturated 
flow boiling of R134a in a tube with an inner diameter of 1.1 mm and heated length 150, 300, 450 mm, see 
Karayiannis et al. [82]. They concluded that three flow regimes dominate for all tubes, namely slug, churn and 
annular flow. Annular flow appeared early at lower vapour quality for the longer tube (x = 0.44 for L = 150 
mm and x = 0.25 for L = 450 mm). The slug and churn flow regimes seem not to be influenced significantly 
when increasing the heated length, if the comparison was conducted at the same exit quality. The authors noted 
that if the comparison is done at the same heat flux, the flow patterns observed at the exit will be different (In 
this case the exit quality of the longest tube is much greater than the exit quality of the shortest). They 
concluded that further work is needed to clarify the effect of heated length on the flow patterns. A full 
discussion is available in ref. [82]. 
 
 
8. EFFECT OF FLUID PROPERTIES 
 
Chen [83] investigated flow boiling patterns of R134a in vertical stainless steel tubes (D = 1.1 – 4.26 mm) at 
Tsat = 21.6 – 52.4 0C (different fluid properties). It was found that as the saturation temperature increases, the 
transition from slug to churn and from churn to annular flow occurs at lower gas superficial velocities while 
the transition from bubbly to dispersed bubble occurred at lower liquid superficial velocities. Huo et al. [84] 
used stainless steel tubes with D = 2.01 and 4.26 mm and studied the effect of saturation temperature on the 
local heat transfer coefficient plotted versus local vapour quality (x). It was found that the local heat transfer 
coefficient increased with increasing saturation temperature for all vapour qualities before dryout. Ong and 
Thome [40, 85] studied flow patterns and heat transfer of R134a, R236fa and R245fa in horizontal stainless 
steel tubes of 1.03, 2.20 and 3.04 mm inner diameter at Tsat = 25 – 35 oC. It was found that the transition from 
isolated bubble (bubbly and plug/slug) to coalescence bubble (plug/slug, churn and slug-annular) and from 
coalescence bubble to annular flow occurs at lower vapour quality for R245fa, followed by R236fa and R134a. 
The type of fluid was found to have a significant effect on the trend of the local heat transfer coefficient versus 
local vapour quality. For R134a, the heat transfer coefficient increased with increasing heat flux with little 
dependence on vapour quality for all vapour qualities. For R236fa and R245fa, the heat transfer coefficient 
increased with heat flux and decreased with vapour quality to a plateau in the isolated bubble and coalescence 
bubble regimes (x ≈ 0.15 – 0.25). In the annular flow regime (x >0.15 – 0.25), all curves merged into one curve 
(no heat flux effect) with increasing trend with vapour quality. Charnay et al. [86, 87] investigated flow boiling 
of R245fa in a horizontal stainless steel tube (D = 3 mm) at very high saturation temperatures 600C – 120 0C. 
The saturation temperature and mass flux was found to have a significant effect on the trend of the local heat 
transfer coefficient versus local vapour quality. For low mass flux (G = 300 kg/m2s) and Tsat = 60 – 100 0C, 
the local heat transfer coefficient was independent of vapour quality for all vapour qualities (up to ≈ 0.85) 
while for Tsat = 120 0C, the heat transfer coefficient decreased continuously with vapour quality. For high mass 
flux (G = 700 kg/m2s) and Tsat = 60 – 80 0C, the heat transfer coefficient indicated insignificant variations with 
vapour quality in the low quality region x< 0.2 (bubbly, bubbly-slug, slug) while the coefficient increased 
significantly with vapour quality in the high quality region (annular flow). For Tsat = 100 – 120 0C, the heat 
transfer coefficient decreased with vapour quality in the low quality region x < 0.2 (bubbly, bubbly-slug, slug) 
then remained almost unchanged in the annular flow regime until the occurrence of dryout. 
 
Al-Gaheeshi et al. [73] studied flow boiling of R134a and R245fa in a vertical stainless steel tube having an 
inner diameter 4.26 mm and 500 mm heated length. Their flow visualization study indicated that the flow 
patterns of the two fluids are different, see Fig. 13. For R134a, bubbly, slug, churn and annular flow were 
observed while no bubbly flow was observed for R245fa. In addition, the slug, churn and annular flow of 
R245fa occurred at lower vapour qualities compared to R134a. They attributed the differences in flow patterns 
and heat transfer rates to the difference in fluid properties; variations in liquid viscosity, gas density and surface 
tension, which affect the bubble ebullition cycle as previously discussed in section 5. For more information 
and discussion, the interested reader is referred to refs. [4, 73]. The appearance of bubbly flow with R134a and 
its disappearance with R245fa was attributed to the effect of fluid properties on nucleation characteristics such 
as the minimum wall superheat and bubble departure diameter and frequency. Al-Gaheeshi et al. [73] reported 
also on the local heat transfer coefficient versus vapour quality for the two fluids as seen in Fig. 16, which 
demonstrates that, for R134a, the heat transfer coefficient exhibited strong dependence on heat flux with small 
variations with vapour quality up to x ≈ 0.5, after which the heat transfer coefficient decreased rapidly 
indicating the occurrence of local dryout. For R245fa, the heat transfer coefficient revealed weak dependence 
on heat flux compared to R134a and insignificant dependence on vapour quality without local dryout. When 
they compared the two fluids using the average heat transfer coefficient, it was found that the average heat 
transfer coefficient increases with increasing heat flux with insignificant mass flux effect for both fluids. The 
magnitude of the average heat transfer coefficient of R134a is significantly higher than that of R245fa (about 
151% and 106% respectively) for saturation temperature 31 0C and 390C. The enhancement may be due to the 
higher gas to liquid density ratio of R134a compared to that of R245fa which results in a lower void fraction 
for the same saturation temperature. Hence the liquid film in slug and annular flow is thicker for R134a than 
R245fa and provides the possibility of activating more nucleation sites in the liquid film. The enhancement in 
heat transfer due to nucleation in the thick liquid film seems to be greater than the reduction in the heat transfer 
rate due to the increased thermal resistance of the liquid film. However, this needs further clarification.  
 
                  
x = 0.002         0.101       0.284        0.393 
bubbly     slug     churn      annular 
(a) 
                   
x = 0.001         0.101             0.315 
slug                 churn             annular 
 (b) 
Fig.13. Flow patterns of R134a (a) and R245fa (b) at G = 200 kg/m2s and Tsat = 39 0C, Al-Gaheeshi et al. [73]. 
 
       
(a)          (b) 
Fig. 14. Effect of heat flux and vapour quality on the local heat transfer coefficient at G = 300 kg/m2s and Tsat 
= 31 0Cfor (a) R134a, (b) R245fa, Al-Gaheeshi et al. [73]. 
 
 
9. FLOW INSTABILITY AND REVERSAL 
 
Flow boiling instability is one of the critical issues that may hinder the commercial applications of two phase 
flow in microchannels heat sinks. This arises from the fact that it might cause a significant reduction in the 
overall system performance. The fluctuations due to instability can be as high as 36 K for wall temperature, as 
found by Wang et al. [88], and 992.4 kg/m2s and 60 kPa for mass flux and pressure drop, respectively, as found 
by Fu et al. [89]. Thus, this issue should be taken into consideration at the early stages of design of two phase 
microchannels heat exchangers. Karayiannis and Mahmoud [1] discussed and summarized the possible reasons 
for flow instability as follows: (1) Rapid bubble growth and expansion in the upstream and downstream sides 
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of the channel, [90 – 94]. (2) The size of the outlet plenum – single channel, Qi et al [91]. (3) Inlet 
compressibility effects [95, 96], i.e. the presence of a compressible volume ahead of the test section. (4) 
Nucleation near the channel inlet, Kandlikar [97]. The interested reader is referred to ref. [1] for more details. 
Fayyadh et al. [98] investigated flow boiling of R134a in a copper, multi-microchannel evaporator (0.3 × 0.7 
mm) in the mass flux range 50 – 300 kg/m2s. They reported that flow reversal depends on mass flux. For G = 
50 kg/m2s, flow reversal was observed at boiling incipience and continued for all heat fluxes. An example on 
flow reversal at G = 50 kg/m2s is depicted in Fig. 15, which shows the sequence of pictures. This figure 
indicated that the vapour patch stays for about 210 ms in the inlet manifold, with back and forth motion, before 
its rupture into segmented bubbles that moved downstream. As the mass flux increased, the heat flux at which 
flow reversal occurred increased. Very mild flow reversal was observed in the inlet manifold at a base heat 
flux of 149 kW/m2 for G = 300 kg/m2s, where the vapour patch stayed only for about 10 ms in the inlet 
manifold.  
 
           
           0 ms                              6 ms                            13 ms                          16 ms                          23 ms 
         
            24 ms                       113 ms                          154 ms                         187 ms                       210 ms 
Fig. 15. Sequence of pictures for flow reversal observed at G = 50 kg/m2s, P = 6.5 bar and R134a, Fayyadh et 
al. [98]. 
 
In current research Al-Zaidi [99], the growth of a bubble further downstream but still near the channel inlet 
and at its centerline was observed using a high-speed, high-resolution camera. The experiments were 
performed with HFE-7100 in a multichannel test section consisting of 25 channels of dimensions 0.35 mm in 
height and 0.7 mm width and a mass flux of 50 kg/m2s and a heat flux of 51.1 kW/m2. As seen in the sequence 
of photograph of Fig. 16, the bubble grows from the channel corner and after coalescing with smaller bubbles 
grows explosively in both directions possibly causing flow reversal.  
 
To reduce flow reversal, some researchers [100, 101] proposed inserting a flow restrictor at the channel inlet 
or using channels with diverging cross section [102]. Kosar et al [100] used a rectangular orifice with a fixed 
width of 20 μm and a variable length at each channel inlet to stabilize the flow. It is interesting to note that, 
although the flow was deemed stable, the surface temperature reached a value of about 180 0C at G = 389 
kg/m2s. This value is very high if this heat sink is to be used for electronics cooling. It is not clear whether this 
high surface temperature is linked to the inlet restrictor or not. Kuan and Kandlikar [101] reported that the heat 
transfer rate and flow stability were improved for channels with inlet restrictions compared to channels without 
restrictors. In their testing module, each channel was connected to the inlet manifold through a 0.127 mm 
diameter hole which represented 6.1 % of the channel cross section area. However, inspecting their results, 
one can see that the inlet restrictor reduced the surface temperature by about 1 K for the same heat flux. In 
other words, the enhancement in the heat transfer coefficient was about 11 %, which was comparable to the 
experimental uncertainty. Additional reasons for flow reversal were reported by Karayiannis and Mahmoud 
[1] which include the size of the inlet/outlet manifold and using channels with sufficient number of nucleation 
sites. They also recommended further studies on this issue assessing the use of surfactants, the effect of 

































Fig. 16. Sequence of photographs showing bubble growth and expansion both upstream and downstream the channel for 
flow boiling of HFE-7100 in a multichannel test section of channel dimensions 0.35 mm in height and 0.7 mm width and 
a mass flux of 50 kg/m2s and a heat flux of 51.1 kW/m2, [99].  
 
 
10. EFFECT OF CHANNEL ASPECT RATIO 
 
In rectangular microchannels the flow patterns, heat transfer mechanisms and rates and pressure drop can be 
affected by the aspect ratio of the channels, defined here as AR = channel width/channel height. Singh et al. 
[103] studied flow boiling of water in rectangular silicon microchannels of hydraulic diameter 0.142 mm, 20 
mm long and aspect ratios ranging from 1.23 to 3.75. They reported that the channel with AR = 1.56 provided 
the smallest pressure drop. Soupremanien et al. [104] used Forane 365HX in two stainless steel channels of 
hydraulic diameter 1.4 mm and AR = 2.3 and 7. They reported that at low heat flux, the heat transfer coefficient 
was higher for the channel of AR = 7 but the trend reversed at high heat flux, i.e. the heat transfer coefficient 
was lower at this aspect ratio. The pressure drop was lower for the high aspect ratio channel. Fu et al. [105] 
carried out flow boiling experiments with HFE-7100 in a diverging copper channel of hydraulic diameter 
approximately 1.2 and aspect ratio ranging between from 0.83 to 6.06. They noted a significant aspect ratio 
effect with a maximum heat transfer coefficient at AR = 0.99.  Markal et al. [106] studied the effect of aspect 
ratio in six silicon heat sinks 48 mm long and 13.5 mm wide consisting of 29 rectangular channels. These had 
the same hydraulic diameter of 0.1 mm and aspect ratio ranging from 0.37 to 5.0. They used water as the 
working fluid. They concluded that the heat transfer coefficient increases with increasing aspect ratio up to 
AR= 3.54 and then decreases. Özdemir et al. [107] studied flow boiling of water in single copper channels of 
hydraulic diameter  0.56 mm, length 62 mm and AR = 0.5, 2.56 and 4.99. The authors reported that the heat 
transfer coefficient increased as the aspect ratio decreased up to a heat flux of approximately 500 kW/m2. For 
higher heat flux values the aspect ratio had no effect. Al-Zaidi et al. [108] carried out experiments with HFE-
7100 in three different heat sinks 20 mm wide and 25 mm long having rectangular channels. The hydraulic 
diameter of the channels was 0.46 mm and the AR = 0.5, 1.0 and 2.0. Results from this work are depicted in 
figure 17 as heat transfer coefficient versus vapour quality. As seen in the figure, the local (and average) heat 














Fig. 17. Channel aspect ratio effect at mass flux of 250 kg/m2 s and different base heat fluxes, [108].  
 
As a summary in this section, it is noted that the effect of aspect ratio on flow patterns, heat transfer 
mechanisms and rates and pressure drop needs to be investigated further. The aspect ratio effect may then need 
to be included in correlations predicting flow patterns, heat transfer rates and pressure drop. These studies 
should be done for a range of heat flux, mass flux and system pressure and possibly different fluids with 
channels of the same hydraulic diameter and surface roughness to allow clear and conclusive results on the 
actual effect of the aspect ratio. 
 
 
11. DOMINANT HEAT TRANSFER MECHANISMS 
 
It is well known that the dominant flow boiling heat transfer mechanisms in large diameter channels are 
nucleate and convective boiling. Nucleate boiling dominates up to intermediate vapour qualities where the 
flow pattern is bubbly, slug and churn. In this mechanism, the heat transfer coefficient depends on heat flux 
and system pressure but independent of mass flux and vapour quality. On the other hand, convective boiling 
dominates at high vapour quality when the flow pattern becomes annular and the nucleation process is nearly 
suppressed. In this mechanism, the heat transfer coefficient depends on vapour quality and mass flux but 
independent of heat flux. These criteria have also been applied to flow boiling in microchannels with various 
conclusions were reached by different research groups; nucleate boiling [109, 110], nucleate and convective 
boiling [111 – 113], convective boiling [114 – 116] and thin film evaporation [117 – 120]. Only one study by 
Yen et al. [121] reported the suppression of both nucleate and convective boiling mechanisms and attributed 
the deterioration in heat transfer coefficient in their study to this suppression. Another study by Basu et al. 
[122] reported that the boiling mechanism was not clear. Harirchian and Garimella [123, 124] conducted an 
experimental study on flow boiling of FC-77 in silicon multi-microchannels with a fixed depth of 400 µm and 
widths ranging from 100 to 5850 µm with a mass flux range of 225 – 1600 kg/m2s. Based on heat and mass 
flux effects, nucleate boiling was found to be the dominant heat transfer mechanism in all cases, except, for 
channels with width of 100 and 250 µm and mass flux of 250 kg/m2s. Accordingly, they concluded that 
convective boiling is more important as the channel size and mass flux decrease. In other words, channel size 
affects the heat transfer mechanism. Their flow visualization demonstrated that small nucleating bubbles were 
observed in the liquid slugs between the consecutive bubbles and also in the liquid film of wispy-annular flows. 
Even in annular flow, bubble nucleation in the film was observed, but it disappeared after a certain heat flux. 
Borhani and Thome [125] investigated the intermittent dewetting and dryout in annular flow using R245fa and 
a silicon multi-microchannel evaporator. They also observed small nucleating bubbles in the annular liquid 
film at a mass flux of 150 kg/m2s and 140 kW/m2. The possibility of having small nucleating bubbles in the 
liquid film region in slug and annular flows encourages the question on the contribution of the nucleation 
compared to thin film evaporation. Contrary to the above studies, Ali et al. [119] investigated flow boiling of 
R134a and R245fa in a directly heated quartz tube with a diameter 0.781 mm. They did not observe nucleating 
bubbles in the liquid film around the elongated bubble. Thus, they concluded that nucleation was suppressed 
and thin film evaporation is the dominant mechanism in the elongated bubble regime. It is worth noting that, 
based on the effect of mass and heat flux on the heat transfer coefficient, nucleate boiling is the dominant heat 
transfer mechanism in their study. However, based on flow visualization, they reported that nucleation was 
restricted to a region close to the tube inlet (very low vapour quality or bubbly flow) while no nucleation was 
observed along the rest of the tube.   
 
Bigham and Moghaddam [126] designed a well-instrumented test section to investigate the local heat transfer 
mechanisms in a single microchannel (0.3 mm wide, 0.075 mm wall thickness and unspecified height) using 
FC-72. Their results showed that three mechanisms contribute to the heat transfer process in the elongated 
bubble regime, namely: (1) Micro-convection mechanism during the passage of the liquid slug. The heat flux 
and the heat transfer coefficient demonstrates single phase behaviour; (2) Thin film evaporation (microlayer 
evaporation); (3) Transient heat conduction, which occurs when the rear of the bubble passes over the sensor 
in the microchannel wall and rewets the dry patch underneath the bubble.  
 
The above summary clearly verifies that there is still disagreement on the dominant heat transfer mechanism(s) 
and further work is needed, which should include a wide range of fluid properties (fluids), surface 
characteristics, channel geometry, mass flux, heat flux and pressure drop 
 
 
12. RECOMMENDATIONS FOR DESIGN 
 
11.1. Prediction of Flow Patterns Transitions The current authors proposed a prediction method for 
flow pattern transition boundaries, which was based on the work conducted by Chen [83]. The interested reader 
is referred to Karayiannis et al. [127] and Mahmoud and Karayiannis [128]. The new method was proposed 
after an extensive evaluation study to the existing models and correlations which indicated that there was a 
large discrepancy among all examined models. The prediction method is summarized in the Table (1) and the 
proposed map is shown in Fig. (16): 
 
Table 1 Summary of the equations used for the prediction of flow pattern transition boundaries proposed by [128] 
Boundary  Equations  
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Fig. 16. The flow map proposed by Mahmoud and Karayiannis [128]. 
















P = 1.85 bar R245fa
D = 1.1 mm
B: bubbly,  
S: slug,  
C: churn,  
A: annular  
 
 
11.2. Prediction of the Heat Transfer Coefficient Mahmoud and Karayiannis [129] evaluated 21 macro 
and micro scale correlations for the prediction of flow boiling heat transfer coefficient using experimental data 
for R-134a, [129]. The reader is referred to their paper for the summary and details of these models and 
correlations. The result of their evaluation study indicated that all examined models and correlations could not 
predict the experimental data well. Thus, they proposed two different correlations, see [129 – 131] for more 
details. The first correlation was based on fitting the experimental data as a function of dimensionless numbers, 
as given by Eq. (3) below. This correlation predicted 90.5 % of their data within the ±30 % error bands and 15 
% mean absolute error. Anwar et al. [132, 133] evaluated this correlation using data for R134a, R152a and 
R600a and reported that it could predict 99.14 % of the R152a data, 96.11 % of the R134a data and 89.9 % of 
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The second correlation was based on the model of Chen [135], which combined the contribution of nucleate 
and convective boiling mechanisms, as given by Eqs. (4 – 9). It predicted 92 % of the data of Mahmoud and 
Karayiannis [130] with a mean absolute error 14.3 %. Fayyadh et al. [99] assessed this correlation using data 
for flow boiling of R134a in a multi-microchannel evaporator. The correlation predicted their data at a mean 
absolute error of 19 %. 
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13. CONCLUSIONS AND RECOMMENDATIONS 
 
The current keynote paper discussed several fundamental aspects of flow boiling in mini to micro passages 
and presented new research published by the current research group. Some possible applications of 
microchannels heat sinks were briefly discussed at the beginning of the paper. The following conclusions can 
be drawn: 
1. Flow boiling in microchannels is a very promising method for cooling high heat flux devices as part 
of an integrated pumped system and has the potential to offer energy recovery and savings in 
applications such as in the computer and IT industry.    
2. The demarcation point between macro, small or mini and micro is very complex and still needs to be 
concluded. This requires detailed studies considering all relevant parameters. 
3. The choice of working fluid and its response to the surface microstructure needs to be considered in 
all designs as the range of active cavity sizes decreases with increasing surface tension and/or 
decreasing 𝜌𝑔ℎ𝑓𝑔 term. At the same time, the required wall superheat at boiling incipience for different 
fluids proposed for use in microchannels should be considered. 
4. The bubble departure is driven by forces acting on the nucleating bubble. Therefore the bubble 
departure size is not affected significantly by fluid properties in flow boiling systems. The forces that 
are important in microchannels are the drag and surface tension forces.  
5. The bubble generation frequency depends significantly on fluid properties. Therefore the flow patterns 
that can prevail in microchannels are more influenced by the bubble generation frequency rather than 
the bubble departure size. 
6. There is no final agreement on the dominant heat transfer mechanism(s). Both nucleate and convective 
mechanisms can contribute significantly to the heat transfer process in microchannels; it is difficult to 
segregate the contribution of each mechanism.    
7. The extent of flow instability and reversal depends on flow parameters and on channel surface 
characteristics, surface wettability, conjugate heat effects and the size of the inlet and outlet manifolds.    
8. Channel surface characteristics have a significant effect on the behaviour of the local heat transfer 
coefficient. In addition, surface modification by micro or nano coating exhibited significant 
enhancement in heat transfer rates and critical heat flux. The reported enhancement can depend on the 
channel geometry. 
9. The results presented with copper, stainless steel and brass tubes indicate that trend of the local heat 
transfer coefficient depends on the tube material.  
10. The current results indicated that, the dependence of the heat transfer coefficient on heat flux and 
vapour quality can change with changes in the tube heated length.  
11. In rectangular small and micro channels the aspect ratio can influence the flow boiling patterns, heat 
transfer mechanisms and rates and pressure drop.  
12. Design correlations for the prediction of flow patterns and heat transfer in small to micro diameter 
channels are given in the paper.  
 
The above discussion and conclusions are also indicative of further research and clarification 





Bo Boiling number, [-] 
𝐶𝑝𝑙 liquid specific heat, [J/kg K] 
𝐶𝑤 
wall specific heat, [J/kg K] 
Co Confinement number, [-] 
D inner diameter, [m] 
Dh hydraulic diameter, [m] 
𝑓𝑙 single phase liquid friction factor, [-] 
𝑓𝑟𝑔𝑠 Froude number based on gas superficial velocity, [-] 
𝐹𝑛𝑒𝑤 new convective boiling enhancement factor, [-] 
G mass flux, [kg/m2 s] 
g Gravitational acceleration, [m/s2] 
h heat transfer coefficient, [W/m2K] or enthalpy, (J/kg] 
ℎ𝑓𝑔 specific enthalpy (latent heat) of vaporization, [J/kg] 
Ja Jacob number 𝜌𝑙𝐶𝑝𝑙(𝑇𝑤 − 𝑇𝑠𝑎𝑡) 𝜌𝑣ℎ𝑓𝑔⁄ , [-] 
𝑘𝑓 liquid thermal conductivity, [W/m K] 
𝑘𝑤 material thermal conductivity, [W/m K] 
L length, m 
Nco convection number, [-] 
𝑃𝑟𝑓 liquid Prandtl number, [-] 
q  heat flux, [W/m2] 
𝑞𝑂𝑁𝐵 heat flux at the onset of nucleate boiling, [W/m
2] 
𝑟𝑐 cavity radius, [m] 
𝑟𝑏 bubble radius, [m] 
Re Reynolds number, 𝐺𝐷/𝜇, [-] 
𝑅𝑒𝑓 liquid Reynolds number, 𝐺𝐷/𝜇 [-]  
𝑅𝑒𝑙𝑠 Reynolds number based on liquid superficial velocity, 𝜌𝑙𝑢𝑙𝑠𝐷/𝜇𝑓 [-] 
𝑅𝑒𝑔𝑠 Reynolds number based on gas superficial velocity, 𝜌𝑙𝑢𝑔𝑠𝐷/𝜇𝑔 [-] 
𝑆𝑛𝑒𝑤 nucleate boiling suppression factor, [-] 
t time, [s] 
∆𝑇𝑠𝑢𝑝 
superheat degree, [K] 
∆𝑇𝑠𝑢𝑏 
subcooling degree, [K] 
𝑢𝑙𝑠 
liquid superficial velocity, [m/s] 
𝑢𝑔𝑠 
gas superficial velocity, [m/s] 
𝑢ℎ 
homogeneous velocity, [m/s] 
𝑈𝑟 
relative velocity, [m/s] 
Wels Weber number based on liquid superficial velocity, [-] 
Wegs Weber number based on gas superficial velocity, [-] 
X Martinelli parameter, [-] 





𝛼𝑙 liquid thermal diffusivity, [m
2/s] 
𝛼𝑐 critical void fraction, [-] 
𝛼𝑐𝑜𝑜𝑝𝑒𝑟 Cooper pool boiling heat transfer coefficient, [W/m
2K] 
𝛼𝑡𝑝 two phase heat transfer coefficient, [W/m
2K] 
𝛼𝑓 single phase heat transfer coefficient, [W/m
2K] 
𝛿𝑡 thermal boundary layer thickness, [m] 
𝜇𝑓 liquid viscosity, [Pas] 
𝜇𝑔 gas viscosity, [Pas] 
𝜌𝑔 vapour density, [kg/m
3] 
𝜌𝑙 liquid density, [kg/m
3] 
𝜌𝑤 wall material density, [kg/m
3] 
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